Femtosecond stimulated Raman scattering (FSRS) probes the structural dynamics of molecules in electronically excited states by following the evolution of the vibrational spectrum. Interpreting the dynamics requires accurate assignments to connect the vibrational bands with specific nuclear motions of an excited molecule. However, the assignment of FSRS signals is often complicated by mode-specific resonance enhancement effects that are difficult to calculate for molecules in electronically excited states. We present benchmark results for a series of eight arylsubstituted thiophene derivatives to show that calculated off-resonance Raman spectra can be used to assign experimental bands on the basis of a comparison of structurally similar compounds and careful consideration of the resonance condition. Importantly, we show that direct comparison with the off-resonant calculations can lead to incorrect assignments of the experimental spectrum if the resonance condition is neglected. These results highlight the importance of resonance enhancement effects in assigning FSRS spectra.
■ INTRODUCTION
Femtosecond stimulated Raman scattering (FSRS) is a sensitive method for probing excited-state dynamics. 1, 2 The technique reveals the structural evolution of a molecule by monitoring changes in the vibrational spectrum as a function of time following optical excitation. Correctly interpreting the excitedstate dynamics therefore requires accurate assignments of the bands in the transient Raman spectrum. While some assignments are possible based on simple chemical intuition or comparison with known ground-state spectra, many assignments require at least some level of comparison with excitedstate calculations. In general, the excited-state vibrational frequencies are relatively easy to calculate, but the Raman intensities are more difficult to obtain due to the need to calculate changes of the excited-state polarizability tensor along each of the normal-mode coordinates. The intensities are important for comparison with experiment, because the frequencies alone may not provide enough information in regions of the spectrum with a relatively high density of states. An important and often overlooked complication is that experimental FSRS measurements often rely on mode-specific resonance enhancement effects in order to compensate for the small population of molecules in the excited state, 1−3 or to selectively probe a single species in the transient spectrum. 4 Resonance enhancement effects are difficult to include in excited-state Raman calculations, because of challenges in treating higher-lying electronic states that are responsible for the resonant condition.
This paper examines the assignment of excited-state Raman bands by comparing off-resonance calculations with experimental resonance-enhanced FSRS spectra for a series of π-conjugated molecules. The resonance enhancements are vibrational-mode-dependent, leading to relative intensities in the experimental spectra that can be very different from the offresonance calculations. 5−7 We show that a comparison across the entire series of benchmark compounds facilitates the assignment of the experimental transitions, even though a direct comparison of the calculated off-resonance intensities with the experimental spectrum for only a single molecule can be misleading and could result in incorrect assignments. The vibrational frequencies depend on the structure of the molecule, but modes with similar nuclear motions are enhanced for all of the molecules in the series because resonant excitation into the excited-state absorption bands causes a similar change of the π-conjugated structure for each molecule.
Our calculations neglect the resonance condition in an attempt to find a balance between accuracy and computational efficiency. More sophisticated methods that explicitly treat the resonance enhancement by directly simulating the third-order polarization response of an excited molecule are computationally expensive and would be prohibitive for calculating the spectra for a series of relatively large compounds. 8−15 Instead, our off-resonance calculations take advantage of efficient analytical second derivatives of the energy that are now available for time-dependent density functional theory (TDDFT) in order to calculate the excited-state polarizability. 16−19 Specifically, we calculate the excited-state Raman activities using single numerical differentiation of the (analytical) static polarizability tensor along each of the excited-state normal-mode coordinates. 20 This method gives excitedstate Raman spectra with DFT accuracy at relatively low computational cost. Earlier attempts to calculate Raman spectra from the excited-state polarizability required numerical differentiation of the electric dipole moment with respect to the electric field, in addition to the normal-mode displacements. 21−23 The series of compounds in our benchmark study consists of aryl-substituted thiophenes that are representative π-conjugated systems. Thiophene derivatives have been the subject of previous transient absorption 24−26 and FSRS studies 27−30 because of their importance as building blocks for photoactive polymers and molecular switches. Conjugated thiophenes also undergo rapid intersystem crossing (ISC), which is an important property for charge separation and transport in conductive organic materials. 31−34 The ISC rates depend on the structure of the compound and range from tens to hundreds of picoseconds. 26 We compare the calculated and experimental Raman spectra for both singlet and triplet excited states of each molecule in order to evaluate resonance enhancement effects in the different spin states. In general, we find that the calculated off-resonance intensities are in better agreement with resonance-enhanced experimental spectra for triplet states compared with singlet states. Comparing trends in the calculated and experimental spectra across the entire series of molecules allows us to make accurate assignments for both the singlet and triplet states using relatively low-cost off-resonance excited-state calculations, provided the electronic resonance condition is taken into consideration.
■ METHODS
The series of aryl-substituted thiophene derivatives includes 2,5-diphenylthiophene (DPT), 2-phenylthiophene (PT), 2methyl-5-phenylthiophene (MPT), 2,4-dimethyl-5-phenylthiophene (DMPT), 2,5-terthiophene (TT), 2,2′-bithiophene (2,2′-BT), 2,3′-bithiophene (2,3′-BT), and 3,4′-dihexyl-2,2′bithiophene (DHBT). All compounds were obtained commercially and used as received by dissolving in cyclohexane (1−10 mM).
Transient absorption and stimulated Raman measurements use the modified output of an amplified Ti:sapphire laser (Coherent Legend Elite). An optical parametric amplifier (OPA) and two stages of nonlinear frequency conversion provide ∼80 fs actinic pulses at 310 nm that are attenuated to 0.5−0.9 μJ at the sample. The frequency-doubled output of a second OPA passes through a 25 mm long BBO crystal to produce ps-duration Raman pump pulses via second harmonic generation (SHG), followed by a 4f spectral filter for additional spectral narrowing and rectification. 35, 36 The resulting Raman pump pulses are tunable over the range 350−650 nm, with bandwidths of ∼15−30 cm −1 and pulse energies up to 1 μJ. The fs broadband probe pulses come from continuum generation in a circularly translating CaF 2 substrate. After the sample, a spectrograph disperses the probe light onto a linear CCD array detector with 2048 pixels. We use an adapted version of the scanning multichannel technique developed by Challa et al. 37 in order to reduce systematic noise from the variable pixel response of the CCD array. Specifically, we obtain FSRS spectra by averaging measurements at five different grating angles in the spectrograph with approximately 20 cm −1 shift between individual spectra. The baseline subtraction method is described in the Supporting Information (SI). We record off-resonant ground-state Raman spectra using a commercial Raman spectrometer (StellarNet) with 785 nm laser source and 4 cm −1 resolution. We remove solvent bands from the ground-and excited-state Raman spectra by subtraction. The experimental procedures are described in more detail elsewhere. 38 We calculate off-resonance Raman spectra by applying the polarizability derivative approach of Neugebauer et al. 20 In the case of the excited-state Raman calculations, we first obtain the S 1 or T 1 minimum energy geometry and normal-mode coordinates analytically using TDDFT with the B3LYP functional 39−41 and aug-cc-pVDZ basis set. 42 The Raman activities are then obtained by taking numerical derivatives of the excited-state static polarizability tensor with respect to displacements along the normal-mode coordinates. We determine the optimum step size for the normal-mode displacements based on comparison with analytical groundstate Raman calculations for several small molecules and various levels of theory ( Figure S1 in the SI). Numerical differentiation at the standardized step size gives Raman activities that are nearly identical to the analytical results for S 0 . We use the same step size for the excited-state calculations. A recent benchmarking study by Staniszewska et al. 43 motivates our choice of B3LYP/aug-cc-pVDZ. All calculations were performed using a development version of the GAUSSIAN suite of programs. 44 ■ RESULTS AND DISCUSSION Transient Absorption Spectroscopy and Excited-State Dynamics. Figure 1 shows the transient electronic absorption spectra for the series of aryl-substituted thiophene derivatives following π → π* excitation with an actinic pulse near 310 nm. The transient spectrum of each compound is characterized by strong excited-state absorption (ESA) and stimulated emission (SE) bands of the singlet S 1 excited state at short time delays. Although not shown here, the spectra evolve on a time scale of a few ps due to structural relaxation and vibrational cooling, including planarization of the molecule in response to the increased double-bond character of the inter-ring C−C bonds in the ππ* state. 26 All of the molecules eventually undergo intersystem crossing (ISC) to a triplet excited state, T 1 , at longer delay times. The intersystem crossing times (τ ISC ) vary from 22 to 267 ps, depending on the structure of the molecule, and are summarized in Table 1 . The triplet states are relatively long-lived (>1 ns) and have ESA bands at shorter wavelengths compared with the singlet excited states.
The relatively fast S 1 → T 1 relaxation times are a result of strong spin−orbit coupling of the thiophene sulfur atom, with nonplanar geometries accelerating the ISC. 26 Accordingly, the ISC rate increases for molecules with more than one sulfur atom, and for molecules that have steric interactions that destabilize the planar geometry of the S 1 excited state. The three-ring compounds DPT and TT have the longest τ ISC due to increasing conjugation that favors a more planar structure in the excited state. 45 In order to measure the stimulated Raman spectra of the singlet and triplet excited states, we tune the Raman pump wavelength close to the maximum of the respective ESA band (red and green arrows in Figure 1 ), and we adjust the delay between actinic pump and Raman probe pulses accordingly. The S 1 spectra are measured at delays ranging from 5 to 30 ps to allow vibrational relaxation and cooling in the singlet state, but before ISC begins to populate the triplet state. The T 1 spectra are obtained at delays that are about 4 times longer than
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Ground-State Raman Spectroscopy. Before examining the excited-state Raman spectra, we compare the calculated and experimental spectra for the ground electronic state of each molecule in Figure 2 . The S 0 spectra are off-resonant for both experiment and theory. Comparing the calculated ground-state spectra with experiment provides an important reference point for estimating the accuracy of the DFT calculations. The accuracy in the ground state is the best that can be expected for the excited-state calculations based on inherent limitations of the method and basis set (B3LYP/aug-cc-pVDZ). To facilitate the comparison between ground and excited states, the groundstate calculations use the same numerical differentiation along the normal-mode coordinates that we use for the excited states below, even though analytical derivatives are available for the ground state. The numerical derivatives give Raman activities that differ from the analytical derivative results by <0.05%.
As expected, the calculated vibrational frequencies overestimate the experimental values; therefore, we apply an empirical frequency scaling factor. A scaling factor of 0.976 gives the best agreement across the entire series of molecules (see below), consistent with the commonly accepted value of 0.970 for this level of theory and basis set. 46 We also broaden each transition in the calculated spectrum with a 15 cm −1 Gaussian in order to simulate the experimental line widths in Figure 2 . The Journal of Physical Chemistry A
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The ground-state calculations generally are in good agreement with the experimental Raman spectra for S 0 . In most cases, the calculations reproduce the experimental frequencies within ∼20 cm −1 and the intensities within an order of magnitude, which is typical for DFT. 47−49 For example, the calculations accurately reproduce the dominant CC ethylenic stretches in the frequency range ∼1400−1700 cm −1 . The only discrepancies in this region are for DHBT, DMPT, and MPT, each of which has one or two bands with slightly higher relative intensity in the experiments than predicted by theory. We note that these three are the only alkyl substituted compounds and that the orientations of the methyl and hexyl side groups might affect the calculated spectra. Although the conformational dependence is important, it is beyond the scope of this work.
The S 0 calculations also slightly underestimate the relative intensities of some of the lower-frequency modes. Figure 2 shows the low-frequency region of the calculated spectra on an expanded scale in order to facilitate the comparison in this region. Although the relative intensities are underestimated by up to an order of magnitude, the calculated frequencies are in very good agreement with experiment. The most notable discrepancy is the relatively strong experimental band just below 1000 cm −1 for the phenyl-substituted thiophenes MPT, PT, and DPT, where the experimental intensities more closely match the spectra on the 10× expanded scale. Previously reported computational and experimental spectra for the S 0 state of DPT also have an approximately 10-fold difference in the relative intensity of the ∼1000 cm −1 band, consistent with our observation. 49 Resonance Raman Spectroscopy of T 1 . We examine the calculated and experimental Raman spectra of the triplet excited states in Figure 3 . As is the case for the S 0 spectra, the T 1 calculations use the numerical differentiation procedure, even though T 1 is the lowest triplet state and therefore can be treated as a ground state to obtain analytical derivatives of the polarizability. All of the spectra from the off-resonant T 1 calculations are dominated by a single, strong band near 1500−1550 cm −1 , with much weaker transitions at lower frequencies. We obtain the best agreement with the experimental frequencies by using a scaling factor of 0.964, as discussed in more detail below. We apply 25 cm −1 Gaussian broadening to the calculated transitions in the figure in order to match the experimental resolution.
Unlike the S 0 spectra, the experimental T 1 spectra are obtained with Raman pump wavelengths that are resonant with an excited-state (triplet−triplet) absorption band. Despite the resonance condition, the calculated spectra are generally in good agreement with experiment, including the most prominent transitions in the ethylenic stretching region, ∼1400−1700 cm −1 . The bithiophene compounds (DHBT and BT) and terthiophene (TT) have only a single, strong band in this region, whereas the spectra of all four phenyl-substituted thiophenes have an additional shoulder. The shoulders appear as distinct transitions in the calculated spectra of MPT and PT.
Compared with the ethylenic stretching modes, many of the weaker transitions in the lower-frequency regions of the experimental T 1 spectra are more difficult to distinguish from noise. However, there are several transitions that are reproduced by the calculations, such as the pair of peaks representing the phenyl stretching modes near 894 and 986 cm −1 for DMPT, MPT, and PT. In a few cases, the experimental bands are much stronger than the calculations predict. For example, the prominent bands near 343 cm −1 in the experimental spectra of TT and DHBT are significantly stronger than any of the calculated modes in that region.
The significantly higher experimental intensities of the lowfrequency bands is probably due to the resonance condition. Analogous with ground-state resonance Raman spectroscopy, 6, 7 we expect an additional enhancement for vibrational modes that have a large displacement in the upper triplet states relative to the minimum-energy structure of T 1 . 32 Resonance enhancement also explains the emergence of the broad Raman features near 650−750 cm −1 in the experimental spectra of DMPT, MPT, and PT, as well as the relative increase in the intensity of the experimental bands of DPT near 340, 541, and 1134 cm −1 . Overall, the generally good agreement between the off-resonant calculations and the resonant experimental stimulated Raman spectra suggest that the resonance condition does not significantly affect the triplet spectra, with the exception of a few specific low-frequency modes.
Resonance Raman Spectroscopy of S 1 . The Raman spectra of the singlet excited states are the main focus of this work. Figure 4 shows the experimental and calculated spectra for the S 1 state of each molecule. The calculated spectra include Figure 3 . Raman spectra of the triplet states. Calculated spectra (green lines) are normalized to the most intense peak of each molecule, with the low-frequency region of each spectrum also shown on an expanded scale (dotted green lines). Experimental spectra (black) are measured in resonance with the T 1 -T n absorption band of each compound, and are also normalized to the most intense peak of each spectrum. The solvent spectrum is shown for reference and to indicate where there may be subtraction errors in the experimental spectra.
The Journal of Physical Chemistry A Article 25 cm −1 Gaussian broadening and a frequency scaling factor of 0.977. As before, all of the strongest bands in the calculated offresonance spectra are in the ethylenic range, 1400−1700 cm −1 , with the lower-frequency transitions having much lower intensity. In sharp contrast with the S 0 and T 1 results, however, some of the low-frequency modes are among the strongest bands in the experimental spectra of the S 1 excited states.
The stark discrepancy between the relative intensities in the experimental and calculated spectra indicates that the resonance condition plays a significant role for the S 1 excited states. Based on the time-dependent formalism for resonance Raman spectroscopy, 6,7 the resonance enhancement of a given vibrational mode depends on the relative displacement of the higher-lying excited-state potential energy surface along the normal-mode coordinate of the lower-lying electronic state. In the case of the singlet excited-state FSRS spectra, the resonance enhancement comes from the displacement of the molecule in the S n excited states relative to the initial S 1 state. We examine this resonance condition in more detail elsewhere, 38 but we note that all of the compounds in this study have similar ESA bands due to secondary π excitation from S 1 . Therefore, we predict the strongest enhancements for vibrational modes that are most sensitive to changes in the occupancy of conjugated π and π* orbitals. Some of the most notable resonance enhancements in the experimental S 1 Raman spectra include the bands in the range 650−700 cm −1 for TT, 2,2′-BT, MPT, PT, and DPT, and near 333 cm −1 for DHBT, 2,3′-BT, and DMPT. These are the strongest bands in each of the experimental spectra, even though the off-resonant calculations show only very weak transitions below ∼1400 cm −1 . Despite neglecting the resonance condition in the calculations, we can still use the calculated spectra to help assign the experimental transitions on the basis of the frequencies. However, we show below that it is also important to consider the specific nuclear motions associated with each vibration in order to determine which transitions gain intensity from the resonance condition. Figure  4 shows each of the calculated spectra on an expanded scale below ∼1450 cm −1 to facilitate the comparison.
Resonance Raman Band Assignments for S 1 . As a first step in assigning the S 1 transitions, we evaluate the accuracy of the calculated frequencies by considering the empirical scaling factors in more detail. The scaling factors reported above for the S 0 , T 1 , and S 1 states were obtained by comparing the most prominent experimentally observed transitions with the calculated frequencies for all of the molecules. Rather than making the assignments and frequency comparisons by inspection alone, we compare the calculated vibrational motions across the series of molecules in order to refine our initial assignments, as described in the example below. Table 2 lists the assigned transitions. The resulting calibration curves in Figure 5 include a total of 30−40 transitions for each state and give scaling factors for all three states (0.976 ± 0.001 for S 0 , 0.964 ± 0.003 for T 1 , and 0.977 ± 0.003 for S 1 ) that are in close agreement with the commonly accepted value of 0.970 for ground-state calculations using B3LYP/aug-cc-pVDZ. 46 The strong correlation between experimental and theoretical frequencies suggests that, on average, the calculations accurately reproduce the excited-state vibrations within ∼20−30 cm −1 after applying the empirical scaling factor. Thus, relatively isolated vibrations are easy to assign on the basis of frequencies alone. More congested regions of the spectrum require closer inspection and careful consideration of resonance enhancement effects. For example, Figure 6 shows the 450−900 cm −1 region of the S 1 spectrum for MPT, PT, and DPT. In contrast with the single, strong experimental bands near 690 cm −1 , the strongest calculated transitions of the three molecules vary by almost 100 cm −1 . Although it is tempting to assign the experimental transitions on the basis of the most prominent bands in the calculated spectra, the variation of the calculated frequencies compared with the relatively invariant experimental values suggests that mode-specific resonance enhancement effects are important. In order to make the assignments, we exploit the fact that only transitions to the totally symmetric vibrational modes of a molecule are enhanced by resonant excitation. 49, 50 Transitions to nontotally symmetric modes will not contribute to strongly resonance-enhanced FSRS spectra like those considered here. Furthermore, resonance enhancement effects are most pronounced for vibrational modes that are Franck− Condon active in the resonant (upper) electronic state.
The S 1 state of DPT has 15 calculated vibrations in the range 500−800 cm −1 . Twelve of those vibrations are nontotally symmetric modes that can be neglected using symmetry Figure 4 . Raman spectra of the S 1 excited states. Calculated spectra (red lines) are normalized to the most intense peak of each molecule, with the low-frequency region of each spectrum also shown on an expanded scale (dotted red lines). Experimental spectra (black lines) are measured in resonance with the strong S 1 −S n absorption band of each compound, and they are also normalized to the most intense peak of each spectrum. The solvent spectrum is shown for reference and to indicate where there may be subtraction errors in the experimental spectra. The Journal of Physical Chemistry A Article arguments from above. 50 The transition energies of the three totally symmetric (a 1 ) vibrations of DPT are indicated by vertical black bars immediately below the experimental and calculated spectra in Figure 6 . The nuclear displacement vectors on the right side of the figure show that the calculated vibrations at 577 cm −1 (ν 18 ) and 675 cm −1 (ν 25 ) are combinations of in-phase phenyl ring distortions with the symmetric C−S−C bending and stretching modes of the thiophene ring, respectively. The phenyl motions are similar to the 6a vibration in Wilson's notation for substituted benzene compounds, 51 which typically has strong Raman activity. In contrast, the third a 1 vibration at 603 cm −1 involves a phenyl ring distortion that is similar to the 6b vibration in Wilson's notation. 51 The 6b vibration typically has very weak Raman activity, consistent with our calculated spectrum for DPT. In addition to the larger off-resonance Raman activities, modes ν 18 and ν 25 are more likely to be Franck−Condon active under π excitation than the more localized motion of the 603 cm −1 mode (ν 21 ). We expect π excitation to be delocalized across the entire molecule, therefore the delocalized modes are more likely to gain intensity in the resonance enhanced FSRS spectrum. Thus, we identify the experimental FSRS bands at 594 and 693 cm −1 as ν 18 and ν 25 , respectively, on the basis of symmetry and resonance enhancement considerations. The different relative intensities of the transitions to ν 18 and ν 25 in the experimental and calculated S 1 spectra are probably a result of stronger resonance enhancement of the higher-frequency mode. A stronger enhancement of ν 25 suggests that the upper state in the S 1 −S n transition may have a larger displacement along the C−S−C stretching coordinate compared with C−S− C bending. We tentatively assign the weak shoulder near 670 cm −1 in the experimental spectrum of DPT as an overtone or combination mode, on the basis of the intensity dependence as a function of excitation wavelength, described elsewhere. 38 The band assignments are not as obvious for the lowersymmetry molecules PT and MPT, because fewer transitions can be excluded on the basis of symmetry alone. Nevertheless, we determine that the strongest experimental transitions in the 500−800 cm −1 region are not the same as the strongest transitions in the calculated off-resonant spectra for these two molecules. Specifically, we assign the dominant experimental bands of PT and MPT as the relatively weak calculated transitions at 679 cm −1 (ν 17 ) and 670 cm −1 (ν 20 ), respectively, on the basis of the strong correlation between experimental and calculated frequencies, as well as the similar nuclear motions compared with the ν 25 mode of DPT.
The motions of the assigned vibrations for all three molecules, illustrated on the far right side of Figure 6 , have similar phenyl deformation (6a in Wilson's notation) and delocalized character that is likely to be Franck−Condon active. In contrast, the strongest transition in the calculated spectrum of MPT (ν 18 , 656 cm −1 ) is primarily localized on the thiophene ring and includes significant displacement of the methyl group. Although the 656 cm −1 mode has more intensity in the offresonance spectrum, the π conjugated electronic resonance is not likely to give a strong enhancement in this methyl rocking mode.
In the case of PT, the strongest calculated transition (ν 14 ) is more than 65 cm −1 below the experimental band, compared with only 11 cm −1 for the assigned mode, ν 17 . Furthermore, ν 14 has an asymmetric distortion of the phenyl ring that is less likely to be Franck−Condon active than the symmetric 6a-type distortion of the assigned mode. The next closest totally symmetric (a′) vibration in the calculated spectrum is the mode at 586 cm −1 , which has a 6b-type phenyl distortion (not represented in the figure) that is similar to the very weak 603 cm −1 mode in DPT. Neither of the 6b-type modes contribute to the FSRS spectra.
The other band with notable intensity in this region of the spectrum for PT is the calculated transition to ν 11 at 558 cm −1 . This mode is a combination of C−S−C bend and phenyl ring deformation that is similar to the 577 cm −1 (ν 18 ) mode in DPT and 524 cm −1 (ν 13 ) mode in MPT. All three of these calculated modes align well with weak transitions in the experimental spectra. Although the experimental bands associated with these assignments are consistently weaker than the higher frequency modes assigned above, these additional features support our overall assignment of the vibrations in the FSRS spectrum. The similar relative intensities of the two experimental bands for all The Journal of Physical Chemistry A Article three molecules show that resonance enhancement effects are conserved for vibrations with the same types of motion. Finally, we note that the assignment of the 690 cm −1 experimental band in PT as ν 17 rather than ν 14 indicates that the π resonance condition favors the localized C−S stretching motion involving the unsubstituted carbon (C 5 ) rather than the phenyl-substituted carbon (C 2 ). Interestingly, the aryl-substituted C−S stretching motion has been implicated in the rapid ISC of phenyl-and thienyl-substituted thiophenes. 30 , This subtle distinction between modes ν 14 and ν 17 of PT highlights the importance of accurately assigning transitions in experimental FSRS spectra. Mode ν 14 should be a better probe of the PT deactivation coordinate (C 2 −S stretching) compared with ν 17 . In fact, while a shift of the former vibration to lower frequency would indicate weakening of the C 2 −S bond, a concomitant shift to higher frequency would be expected for ν 17 due to strengthening of the C 5 −S bond.
Our calculations here consider only the minimum energy geometry of the S 1 state of each molecule, however transient FSRS calculations have the potential to use these spectroscopic signatures to distinguish motions along the reaction coordinate. 18 In fact, our assignments for MPT are consistent with the recently reported dynamics of that molecule, where the intense band near 690 cm −1 was observed to shift slightly to higher energy following the initial excitation. Notably, the shift to higher energy is consistent with the expected strengthening of the methyl-substituted C−S bond, based on the prominent motion along that bond for mode ν 20 , rather than the weakening of the phenyl-substituted C−S bond for ν 18 . The shift to higher energy therefore provides additional evidence that ν 20 is the observed FSRS band, rather than ν 18 , even though the latter has the stronger calculated off-resonance intensity. Without considering resonance enhancements across all three compounds, it would be tempting to make incorrect assignments of the intense Raman bands of PT or MPT on the basis of the calculated intensities alone.
■ CONCLUSIONS
A key result of this work is that accurate excited-state resonance-enhanced Raman assignments are possible using relatively low-cost off-resonant calculations, provided the effects of the electronic resonance condition are taken into consideration. Importantly, the assignments are made possible by comparing the spectra for several molecules with similar structure. Transitions in the 500−800 cm −1 region of the S 1 spectra of DPT, PT, and MPT provide a representative example for making assignments on the basis of symmetry and resonance enhancement considerations across multiple compounds.
Most FSRS measurements rely on an electronic resonance condition to obtain increased Raman scattering signals, but there have not been any systematic studies examining how the resonance condition affects the assignment of experimental spectra before now. Our benchmark study shows that offresonance calculations can be deceiving, and highlights the importance of mode-specific resonance enhancement effects. While we have compared the experimental and theoretical Raman spectra for a series of aryl-substituted thiophene molecules, we expect similar results for other sets of structurally related compounds having similar excited-state absorption spectra.
We are currently working on a procedure to simulate excitedstate resonance Raman enhancements directly using the gradient approximation. 38, 52 After identifying the resonant S n states responsible for the excited-state absorption, this approach would obtain the mode-specific resonance enhancements by calculating the gradients of the relevant excited-state potential energy curves along the S 1 normal-mode coordinates. A comprehensive understanding of resonance enhancement effects will provide more detailed insight on the structural evolution of molecules in excited electronic states by allowing more precise tracking of the nuclear motions using FSRS spectra. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpca.7b09467.
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